River discharge is the main factor controlling the hydrologic dynamics of the Ebre and Rhone estuaries. The topography of the estuary bed also influences the extent, advance, and retreat of the salt wedge. Tides have little influence because of the low tidal range. Mean annual river discharge is close to the critical value determining the formation and breakup of the salt wedge. This is related to the fact that river flow controls the sedimentary dynamics of the estuary, including the sandbar at the mouth. When discharge is lower than the mean annual river flow, the salt wedge is established and the estuary becomes a depositional environment. With higher flows the salt wedge is washed away and erosive conditions prevail. On the basis of the conditions in which the salt wedge is formed, two types of highly stratified estuaries can be identified. In the first one, a salt-wedge regime is established during low river flows, whereas during high flows the wedge is washed away and the estuary becomes a river. This circulation pattern corresponds to the "salt-wedge estuary" or type 4 of the Hansen-Rattray classification, typical of riverdominated estuaries in microtidal seas. In the second one, a salt wedge is established during high river flows, whereas a partially mixed estuary occurs during low flows. This pattern corresponds to types 3b and 2b of the Hansen-Rakray classification.
knowledge of time-dependent salt-wedge dynamics (Partch and Smith 1978; Geyer and Farmer 1989) , but the difference between type 3 and 4 estuaries is still not well established.
Research on salt-wedge estuaries has been scarce compared with other estuarine types, and it has focused primarily on hydrologic aspects (e.g. Wright and Coleman 197 1; Rattray and Mitsuda 1974; Geyer and Farmer 1989) . A 4-yr research program carried out in the Ebre estuary focused on the coupling between the hydrologic dynamics and ecological functioning of this salt-wedge estuary (IbaAez 1993; Ibafiez et al. 1995) . Other research programs in the lower Ebre River established the general features of the estuary (Mufioz 1990; Guillen 1992) . In the Rhone estuary, a research program on the physical structure and dynamics of the salt wedge was carried out in 1990 (Pont 1991) . Our objective is to analyze and compare the hydrologic features of the Ebre and Rhone (salt-wedge) estuaries (both in the northwest Mediterranean). We then propose an observational and theoretical basis to define and classify salt-wedge estuaries.
Study areas
The Ebre and the Rhone Rivers are the main Spanish and French Mediterranean rivers, respectively (Fig. 1A) . The Ebre is 928 km long. Its mean annual discharge has decreased from 592 rn" s-l at the beginning of the century to 424 m3 s-l in the last 30 yr as a result of intensive use of the water in the basin (IbaAez et al. 1996) . During the 10 yr before the end of this study (1980-l 990) , the mean river discharge was only 320 m3 s-l. The Rhone is 816 km long. Its mean annual discharge is 1,700 rn" s-l without any significant long-term trend. Both rivers form deltas at their last reach. The Ebre delta is located at 40"40'N and O"4O'E; the Rhone delta is at 43"30'N and 4"30'E. The tidal range along the coasts of both deltas is very low, with values -20 cm.
The Ebre delta ( deltaic reach of the river is 29 km with a mean maximum
In the Rhone estuary, there were 12 surveys in the Grand depth of 6.8 m and a mean width of 237 m. Only one mouth Rhone and 8 in the Petit Rhone from 15 June to 6 October is functional, although with moderate floods an extra mouth 1990. In both estuaries the surveys included detailed profiles (Migjorn) can develop. The Rhone delta (Fig. 1C) has an of conductivity and temperature every 2 or 3 km (over the area of 1,750 km2, and the river has two functional arms.
whole water column) in order to determine the physical The Grand Rhone carries 90% (1,530 m3 s-l) of the mean structure of the systems. A Merck CM 85T conductivity medischarge and is 52 km long, whereas the Petit Rhone carries ter was used in the Rhone estuary. Measurements were sub-10% (170 m3 s-l) of the discharge and is 60 km long. The sequently corrected for temperature. A WTW LF 191 conmean maximum depth of the Grand Rhone is 8.1 m and the mean width is 6 17 m. The Petit Rhone has a mean maximum ductivity meter with automatic temperature compensation depth of 7.5 m and a mean width of 94 m. The mean cross was used in the Ebre estuary. In every survey, the extent of section of the Grand Rhone is 2,8 15 m2. The cross-section the salt wedge and the depth of the freshwater-salt-water areas of the Grand Rhone and Ebre estuaries are shown in interface were also determined. Additionally, mean daily riv- Fig. 2. er discharge, topography, and cross section of both estuaries were obtained from both field surveys and existing data.
Materials and methods
To study salt-wedge dynamics, we carried out 30 field surveys from April 1988 to July 1991 in the Ebre estuary.
In the: Ebre estuary, velocity profiles were determined in some of the surveys with a Valeport Braystoke BFMOOI current meter (accuracy of 0.004 m s-l, sensitivity of 0.03 m s-l). Other physicochemical parameters (light and dissolved oxygen profiles, dissolved nutrients, particulate ma- terials, and chlorophylls) were also measured (Ibafiez 1993), but these results are not presented here. In the Rhone estuary, several profiles were obtained every survey with a Lawrence Mach I cchosounder to clearly delineate the freshwater-salt-water interface.
Results
Ebre esluary--nllean daily river discharge, the depth of the freshwater-salt-water interface, and the extent of the salt wedge for all the surveys carried out in the Ebre estuary are shown in Table 1 . The salt wedge was not present at the beginning of the study (April 1988) because of high river discharge (>500 rn" s-l). At the beginning of June, with river discharge -400 m3 s-l, the salt wedge was present in the last 6 km of the estuary. On 14 June, river discharge increased to 700 rn" s-l, and marine water was absent at the mouth, although an isolated body of salt water was still present in the deepest part of the last reach of the estuary. Subsequently, high discharge and the absence of a salt wedge was maintained until the middle of July, when river discharge dropped quickly to -200 m3 s-l (Fig. 3 ). A salt wedge was then established along the last 18 km of the estuary.
Beginning 14 July, river discharge was low (<300 rn" s-l) until April 1990. The surveys carried out during this period showed the presence of a salt wedge in the estuary (22 months), although salt-water inflow at the mouth was stopped during a few days in February. At the end of April there was a short period (1 week) of moderate flows (300-600 m3 s-l), followed again by a period of low flows until the end of the year. This long period of low river flow is exceptional, because there are usually periods of moderate to high flows (>500 rnj s-l) in winter and spring, during which the salt wedge is washed away. Mean annual dis- charge in the Ebre River in 1989 and 1990 was the lowest in recorded history (i.e. 129 and 118 rn" s-l, Confed. Hidrogr. de1 Ebro 1990). There was a more standard hydrologic cycle in 1991, with mean flows >400 m3 s -I from March to May and maximum flows up to 1,300 m3 s -I. A retreating salt wedge was observed at the end of February at a river flow of 278 m3 s-l. From June to the end of the year, river flows (>200 m3 s-l) were again low. The two last surveys were carried out in July 1991. In the first one (7 July) the presence of low flows (84 rn" s-l) allowed the salt wedge to reach its maximum extent; in the second one (24 July) with a higher flow (168 rn" s-l), the wedge stopped at km 18.
Salinity contours obtained from a survey carried out on 13 March 1989 are shown in Fig. 4 . Low river discharge (74 m3 s -I) allowed the salt wedge to reach its maximum length (32 km). A typically high degree of water column stratification was present, with a well-defined 40-50-cmthick interface layer. Data show a linear regression indicating a strong relationship between river discharge and the depth of the interface (Fig. 5A) . Some of the scatter away from this regression may be attributed to variability in sea level, as well as to the fact that the regression was made from instantaneous measurements of interface depth and daily mean discharges recorded 30 km upstream from the sampling point. The regression clearly shows that river discharge is the key factor that determines the hydrologic dynamics of the salt wedge. However, the extent of the salt wedge is not linearly related to river discharge in the case of the Ebre estuary. This is due to the irregular topography of the estuary bed, which causes the arrest of the salt wedge at several shallow points (sills) under a wide range of river discharges. Therefore, the advance and retreat of the salt wedge is ,related to certain critical river discharge levels.
The three typical positions of the salt wedge found during the study are shown in Fig. 6C . When river discharge is higher than 300-400 m3 s-l, the salt wedge cannot form and the estuary acts as a river. These values are in accord with there from other studies (Mufioz and Prat 1989; Guillen and Palanques 1992) . On average, the salt wedge is absent during 6 months of the year, generally in winter and spring. When the intrusion of marine water begins, the salt wedge quickly occupies the last 6 km owing to the existence of a favorable bottom slope (position 1). This position lasts on average only A y= 1.7716+0.0089x 0-t -, -, -, . , . , . 1 month per year. This state is very dynamic because small wedge, observed on average 4 months per year. The salt changes in river discharge or sea level can stop or restart the wedge remains in this position and does not progress upentry of salt water at the mouth. With discharges <300 m3 stream until the discharge is Cl00 m3 s-l. At this point, it s-l, the salt wedge advances quickly up to a sill located at advances quickly until it reaches a sill 32 km from the the upper reach of Gracia Island, 18 km from the mouth mouth, the maximum extent of the salt wedge (position 3). (position 2). This is the most frequent position of the salt This position occurs on average 1 month per year, usually Table 2 . Situations of retreating salt wedge in the Ebre estuary, Table 3 . Mean daily river discharge (m" s-l), interface depth (m) The presence of wedge breaks and the length of isolated bodies of (7 km from the mouth), and length of the salt wedge (km) for all water upstream of the sills are indicated.
the surveys in the Grand Rhone and Petit Rhone estuaries. The presence of sills along the estuary, including the sandbar at the mouth, plays a crucial role in the retreat of the salt wedge. Our study indicates that the retreat of the salt wedge does not occur gradually, but rather it breaks at the sill located downstream of the stable position owing to the interception of the bottom and the interface. Subsequently, the part of the salt wedge upstream of the breaking point becomes an isolated salt-water body that is progressively washed away by mixing with the riverine water. This situation was observed in June 1988 , July 1989 , February 1990 , and February 1991 Rhone estuary--Mean daily river discharge, depth of the freshwater-salt-water interface, and extent of the salt wedge for all the surveys cairied out in the Grand Rhone and the Petit Rhone are shown in Table 3 . At the beginning of the study (June 1990) , with river discharge (at Beaucaire, 65 km from the mouth) -1,500 rn" s-I, the salt wedge occupied the last 9 km of the Grand Rhone and the last 3 km of the Petit Rhone. After a few days of higher discharge at the beginning of July, river discharge dropped continuously to -600 111' s-l by the end of August (Fig. 7) . In the Grand Rhone this caused the progressive advance of the salt wedge, which reached its maximum extent of 34.5 km in September for a river discharge (hereafter GRRD) of -500 m3 s-l. By the end of the study (late September), a GRRD of -1,100 rn" s 1 during 3 d caused the salt wedge to retreat to a point 15.5 km from the mouth-the normal position for discharges in this range. In the Petit Rhone, the salt wedge reached its maximum extent (15 km) at the end of July, with a river discharge (hereafter PRRD) of -100 111" s-l. Further decreases in discharge did not increase the extent of the salt wedge because of the existence of a shallow arresting sill (Sylvereal). By the end of September, increased river discharge caused a retreat of the salt wedge to a position 8 km from the river mouth.
Regressions between river discharge and the depth of the interface for the Grand Rhone and the Petit Rhone are shown in Fig. 5B and C. In both cases the regression coefficient is high, as in the Ebre estuary. In the Grand Rhone, there is also a strong regression between river discharge and the extent of the salt wedge. This regression is strongest when the mean river discharge of the previous 5 d is used (Fig. 8B ). In the Petit Rhone (Fig. SC) the regression is high but there are few data, whereas in the Ebre (Fig. 8A ) the regression is weaker because the effect of the topography on the advance and retreat of the salt wedge is more marked.
The four main positions of the salt wedge observed in the Grand Rhone are shown in Fig. 6A . The first position (extending 9 km) occurs with GRRD slightly lower than the mean annual value. It corresponds to the first reduction in the cross section (Fig. 2) . The second position (extending 15 km) occurs with GRRD -850 m3 s-l. The third position (extending 25-28 km) takes place with GRRD between 8 16 and 610 m3 s-l. These two intermediate positions correspond to two sills where cross sections are markedly reduced (i.e. at 2,545 and 2,195 m*) (Fig. 2) . The fourth position (extending 33-35 km) is reached at the end of summer when GRRD is <600 m7 s-l. At this point there is a third sill (the most important), which is called "Seuil de Terrin." The cross section is reduced to 1,128 m*, the depth is <2 m for 75% of the width, and the mean depth of the navigated channel is 4.07 m. This position of the salt wedge corresponds to the maximum extent known since 1960.
The three different positions of the salt wedge found in the Petit Rhone are shown in Fig. 6B . In the first position, with PRRD close to the mean annual value (170 m3 s-l), the salt wedge occupied the last 2.8 km of the estuary. The second, most frequent position (extending 15 km) occurs with PRRD <lo0 m3 s-l and is the maximum extent recorded. In the third case, with PRRD of -120 m3 s-l, the salt wedge occupied the last 8 km of the estuary. This last case is an example of a retreating salt wedge produced by a rapid rise in flow 2 d before. Isolated bodies of salt water were present in the upper reaches.
Circulation-strati$cation parameters and salt-wedge dynamics-The locations of both estuaries on the classical stratification-circulation diagram of Hansen and Rattray (1966) for the various conditions of river flows are shown in Fig. 9 . Both estuaries are inside the region corresponding to type 4 or salt-wedge estuaries that have the greatest stratification. Changes in runoff displace these points, but they always stay within the type 4 region. Such estuaries are also characterized by high river discharge rates per unit width, shallow depths, and relatively weak tidal currents (Rattray and Mitsuda 1974) .
The regression between GRRD and the observed extent of the salt wedge predicts that the salt wedge is pushed out of the mouth of the Grand Rhone with GRRD > 1,449 I11" s-'----a value very close to the mean annual flow of this river arm (1,530 m1 s-l). The use of these regressions for the Petit Rhone and the Ebre is unreliable because of the high leverage of data at the extremes of the data distribution. However, the data (Tables I, 2) indicate that the critical discharges that determine the establishment of the salt wedge are also very close to the mean annual discharge for each river.
Comparisons of intrusion lengths of the observed salt wedges with the results of theoretical studies (Keulegan 1966) are shown in Tables 4 and 5. As shown by Rattray and Mitsuda (1974) , their results agree with those of Keulegan (1966) when the ratio between wedge length and estuary depth is within the range lo*-104. Observed cases in the Ebre and Rhone estuaries are always within this range. For the Rhone estuary, there is close agreement between observed and computed values when river discharge is >700 rn" s I. For the Ebre estuary, the agreement takes place only with discharges -200 rn" s-l. For low discharges the computed lengths are considerably higher than the measured ones in both estuaries, indicating that the salt wedge would intrude farther in the absence of bottom slope and sills. Similar results have been obtained previously for the Mississippi estuary (Rattray and Mitsuda 1974) . These results also suggest that in the Ebre the effect of sills is greater than in the Grand Rhone estuary.
As shown by our data, the advance and retreat of Ebre and Rhone salt wedges are not continuous processes but depend on critical values of river discharge associated with the presence of sills. As shown by Keulegan (1966) , for a relatively stable river discharge, the wedge motions are very small and the wedge can be considered to be arrested. Vertical current measurements on the Ebre estuary carried out all along the salt wedge show that velocity within the lower layer is very low and often null (Fig. 10) . For this kind of situation, Rattray and Mitsuda (1974) considered, in agreement wi.th Stommel and Farmer (1952) , that the lower layer flow is negligible. This situation is very different from other highly stratified estuaries where tidally induced velocities are larger th.an the long-term mean current (Partch and Smith 1978; Geyer and Farmer 1989) . Salinity and velocity data obtained during a 24-h survey in the Ebre estuary under saltwedge conditions show that the lower layer velocity remains virtually null along tidal cycle (Ibaiiez et al. 1996) . River dischargl: changes (50-160 m" s-l) during the survey induce vertical displacements of the interface (from 2.6 to 3 m) but may not produce significant longitudinal displacements. The sampling point was 15 km from the mouth and only 3 km from the tip of the wedge. Previous work (Guillkn et al. 1990) showed that in the mouth area, salt-wedge circulation is more affected by tides, but mean velocities are always CO.1 m s-l.
All these characteristics indicate that the theory of Keulegan (1966) and Rattray and Mitsuda (1974) concerning arrested saline wedges can be used to analyze the Ebre and Rhone estuaries. Theoretical studies (Stommel and Farmer 1952; Ippen and Keulegan 1965) identified the densimetric Froude number (F') as an important parameter for the dynamics of highly stratified estuaries. This parameter expresses the ratio of inertial to buoyant forces and is given by (Wright and Coleman 1974) F' = zd(ygh')%, where u is the mean outflow of the upper layer in the case of stratified flows, h' is the depth of the density interface, g is accele:ration due to gravity, and where p,. and p, are, respectively, the densities of the effluent and ambient fluids. As river discharge is confined to the upper layer, u can be estimated for each section by u = Q4wh,),
where Q is the river discharge, w is the width of the section, and h, is the thickness of the upper layer. For well-established salt wedges within both the Ebre (60 rn" s-l) and the Rhone (500 m3 s-l), the Froude number along the estuaries is computed in Table 6 . F' is always < 1, indicating a buoyant effluent. As predicted by the theory, F' . decreases from the mouth to the tip of the wedge as h' increases. When salt-wedge intrusion occurs, the average velocity of the outflowing freshwater and the depth of the freshwatersalt-water interface will adjust mutually so as to yield a densimetric Froude number of unity at the outlet (Bowden 1967; Stommel and Farmer 1952) . When F' > 1, internal waves form at the interface, causing interfacial mixing and erosion of the upper part of the salt wedge. Upstream from the mouth, F' progressively decreases as h' increases (Wright and Coleman 1974). Thus, when F' = 1, it is possible to estimate the critical river discharge for salt-wedge formation or breakup at the river mouth to see whether it agrees with field observations. The same calculations have been made for the main sills that cause arrested salt wedges.
The computed critical discharge for salt-wedge intrusion at the mouth bar of the Grand Rhone (1 ,S 14 111" s-l) is very similar to that predicted by the regression between river flow and observed salt-wedge length (1,449 m3 s-l), and both are similar to the mean annual discharge (1,530 I11' s--l), as shown in Table 6 . Data on the cross section and salinity at the bar at the mouth have been obtained from Carrio (1988) . At the Seuil du Terrin-the main sill of the Grand Rhonethe computed critical discharge is 729 m3 s-l, whereas the predicted one from the observations is 494 m7 s-l. However, when the part of the cross section that is very shallow is not considered, the computed discharge is 522 rn" s-l. In the Ebre estuary, the computed critical discharge at the bar at the mouth for salt-wedge formation (342 m" s-l) is again close to the observations and to the mean river discharge, taking into account that the mean discharge of the 10 yrs before the end of the study was 320 rn" s--l. Data on the morphology of the area of the mouth have been obtained from Riera (1991) . At the sills of the Ebre, as in the Grand Rhone, the computed values of critical discharge are considerably higher than the observed ones ( Table 7) , suggesting that at these points the salt wedge breaks up because the interface reaches the bottom and not because of supercritical flow.
Discussion
Data from the Ebre and Rhone estuaries show that the mean annual river discharge is roughly equivalent to the critical discharge that determines the formation and breakup of the salt wedge. We think that this is not a coincidence; rather, it clearly reveals the control of hydrologic and sedimento- logical dynamics on salt-wedge estuaries. This critical discharge is not an exact value because of the variations in water level due to tides and changes in the depth of the sandbar at the mouth. However, the tidal range is very small (20-30 cm) in the Ebre and Rhone estuaries. In the PO estuary, where the tidal range is higher (60 cm), the critical discharge for salt-wedge formation ranges from 2,000 m3 s -I at high tide to 900 rn" s-l at low tide, whereas the critical Table 6 . Froude numbers (F'), interfacial depth (h') and gamma values (y) in the Rhone and Ebre estuaries from the bar at the mouth (km 0) to the tip of salt wedge. discharge at mean tide is again very close to the mean annual discharge of 1,480 m3 s I (Nelson 1970) . The role of salt wedges in the formation of distributary bars at the mouth was investigated some decades ago in relation to the process of formation of sandbar fingers in river channels, and this process was thought to be related directly to annual discharge patterns of the river (Fisk et al. 1954; Fisk 1961; Moore 1970) . The relationship between effluent dynamics and the morphologic development of river mouths was investigated in the Mississippi (Wright and Coleman 1974) . Wright and Coleman (1974) concluded that the depth of the bar crest should adjust so as to be deep enough to avoid erosion by accelerated currents, but shallow enough to prohibit salt-wedge intrusion over the bar at high stage. However, the relationship between the critical dis- charge for salt-wedge formation and mean river discharge was not established. We propose that this relationship is universal in the salt-wedge estuaries of rivers forming deltas in seas that have low tidal ranges. In this type of estuary, the establishment of the salt wedge depends critically on the depth and cross section of the sandbar at the mouth, and these parameters are basically determined by the river. Therefore, when river discharge is lower than the mean annual flow, a salt wedge is formed and the estuary becomes a depositional environment, whereas with higher flows the salt wedge is washed away and erosive conditions prevail. The relationship between river flow conditions and morphologic changes in sandbars at the river mouth seems to be complex. Wright and Coleman (1974) indicated that at the mouth of South Pass (Mississippi), as in other highly stratified river mouths, high river stage is accompanied by maximum sediment discharge and flushing of the salt wedge from the channel to permit bedload transport and distributary mouth building to proceed unimpeded. However, they also indicated that continued accumulation of sediments for prolonged periods in the bar at the mouth of South Pass further enhanced frictional effects and that the persistence of this situation might have produced divergent subaqueous channcls.
In the Ebre estuary, observations indicate that when low discharges are maintained for long periods (months), the sandbar at the mouth undergoes significant accretion, and the critical discharge for salt-wedge formation decreases. This kind of dynamics was observed during the study period, when river discharge remained low (<300 rn? s-l) from July 1988 to April 1990 (22 months) . Therefore, at the beginning of February 1990, with river discharge of -215 m7 s-l, a retreating salt wedge was observed, and salt water was present in the last 12 km but the wedge was broken at the mouth (Ibafiez 1993) . During this period of low river discharge, the maximum depth of the bar at the mouth decreased from 2 to 1 m. The lower depth of the bar, as well as the occurrence of low sea level, caused the salt wedge to break up at the mouth, as suggested by Guillen and Palanques (1992) . At the beginning of June 1988 after a period of 6 months of high river discharge (>500 ml s-l), the salt wedge was present in the last 6 km of the estuary with river discharges -400m3s I, suggesting the existence of a deeper and wider sandbar at the mouth. A recent study of the morphological changes of the area of the Ebre mouth (Riera 1991) showed the evolution of the sandbar at the mouth, as a consequence of changes in river flow (Fig. 11) . Figure 11 shows the bathymetry of the mouth area in June 1991 after a period of high river flows (-1,000 Ill" s -I, April and May). The dashed line defines the emerged coast in March 1990 after a period of almost 2 yr of continued low river flows. The existence of a long emerged barrier is remarkable. It is, in fact, the continuation of the submerged sandbar at the mouth. High river flows in 1991 caused the erosion of the emerged barrier, the creation of a deeper river channel, and the seaward migration of the sandbar.
Morphological changes in the bar at the mouth due to river flow regimes seem to differ between the Ebre and the Mississippi. One line of evidence is the historical tendency of the Ebre mouth to be more closed and shallow with low river flow, especially during periods when marine winds are strong. It is also remarkable that since the construction of large-dams in the Ebre basin, there are no large river floods, and sediment transport in the river has been reduced by >99% (IbaAez et al. 1996) . The buildup of the bar at the mouth during large floods, as observed in the Mississippi, must be exceptional in the Ebre.
In salt-wedge estuaries with high tidal range (e.g. the Fraser estuary), tidal velocities are usually higher than outflow velocities -from river discharge. The diurnal excursion of the wedge owing to tidal variations was z== 15 km, which is comparable to seasonal variability (Geyer 1985) . In this case, the sedimentary conditions at the mouth are mostly controlled by tides, and the salt wedge is present within-the estu arY under a wide range of river discharges. The Fraser is an extreme case of a salt-wedge estuary in which tides have an important role in its hydrology and sedimentology.
When the width of the estuary increases in relation to mean river discharge, the freshwater layer is thinner and the energy of tides and winds mixes the-water column more intensively. Increasing the cross section of a salt-wedge estuary would cause the transition to a fjord-type or partially mixed estuary, depending on the relative increase of depth and width. This is the case of the deeply dredged Duwamish estuary, in which the upper part is within type 4 of the Hansen-Rattray classification for any freshwater inflow. At low inflows, however, the lower (more dredged) part of the estuary grades into type 2B (Santos and Stoner 1972) . In this dredged estuary, as in the fjord-type estuaries, where the salt-wedge regime occurs under high river discharges, the magnitude of the cross section of the estuary is not directly related to the magnitude of the river flow, as it is in the saltwedge estuaries. This fact implies that the presence of salt water within the estuary is permanent, although quite vari- GR-Grand Rhone; PP-Pila PO; EEbre; PR-Petit Rhone; DP-Donzella PO; TP-Tolle PO; GPGoro PO; MP-Maist PO. Data for the PO from Nelson (1970) ; data for the Mississippi from van Heerden and Roberts (I 980) and Rattray and Mitsuda (1974) . able in space and time. Data indicate that for salt-wedge estuaries in microtidal seas, the dimension of the cross section is strongly correlated to mean river discharge (Fig. 12 ) also suggesting that the morphology of the estuary is determined by the river.
Iwo types of highly stratified estuaries can be differentiated on the basis of the conditions in which the salt wedge is formed and depending on the relationship between river discharge, estuarine cross section, and tidal range.
The first type of highly stratified estuary is that in which the salt-wedge regime is established during low river discharge periods, whereas during high discharges the salt wedge is washed away and the estuary is transformed into a river. These are typically considered salt-wedge estuaries (type 4 in the Hansen-Rattray classification) and are usually present in the last reach of rivers flowing into low tidal seas. In this type of estuary the dimensions of the cross section are directly related to mean river discharge, because, sedimentary conditions are mainly controlled by the river. Examples include the Ebre, Rhone, PO, and Mississippi River estuaries.
The second type of highly stratified estuary is that in which the salt-wedge regime is established during periods of high river discharge, whereas during low discharges they become partially mixed estuaries. This type of estuary has been variously labeled as a salt-wedge estuary, fjord-type estuary, or partially mixed estuary, depending on morphological features and the degree of stratification-it corresponds mainly to types 3b and 2b of the Hansen-Rattray classification. Within this group of estuaries there is no correlation between the magnitude of the estuarine cross section and mean river discharge. The cross section of the estuary is appreciably larger than that of the river, so the salt water is never completely pushed out of the mouth.
This classification shows that a salt-wedge estuary and a salt-wedge regime (of an estuary) are two different concepts. A salt-wedge regime refers to a hydrologic situation of high stratificai:ion that can be present in different types of estuaries (in the geomorphological sense) under different conditions. .4 salt-wedge estuary, however, is a specific geomorphological type of estuary in which a wedge of salt water is established when river flow is low. The salt-wedge estuary is basically associated with microtidal seas (e.g. the Mediterranean and the Gulf of Mexico), and our results indicate that mod.els of arrested salt wedges are applicable in this context, as proposed before by others (Keulegan 1966; Wright and Coleman 197 1; Rattray and Mitsuda 1974) . More recently Geyer and Farmer (1989) stated that because most salt wedges are subject to relatively greater tidal forcing than that found in the Mississippi, the applicability of the arrested salt wedge is brought into question. However, in the Mediterranean almost all the estuaries have a tidal range similar to the TUississippi or even lower (e.g. the Ebre and the Rhone). Salt wedges in macrotidal seas are more dynamic, and time-dependent models are needed to describe the system; however, salt-wedge estuaries are not common in macrotidal seas, where fjord-type or coastal-plain estuaries prevail.
The specific hydrologic and geomorphological structure and dyna.mics of salt-wedge estuaries shown in this study permit development of a more concise definition. Salt-wedge estuaries can be defined as those characterized by a strong vertical stratification in salinity established in conditions of low river flow (usually lower than the mean annual discharge), whereas with high river flow, the whole estuary is occupied by freshwater, at least at low tide. The mean cross section of the estuary is proportional to the mean annual river discharge, and the estuarine cross section is of the same order of magnitude as its river.
